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Perfluoroalkyl ocids (PF~) are ubiquitous synthetic chem­
icals that are widely U93d in both consumer and industrial 
s:ltting:;, and have attrocted much attention with regard to their 
persistent, occumulative, and toxic natureY The extensive U33 

of PF~ in consumer products means that municipal 
wastewaters are a colloction vehicle for the compounds. In 
addition, the prominence of PF~ in some manufocturing 
proa:&:e; can IEEd to high levels in industrial wastewaters that 
also flow to wastewater trEStrrent plants (WNTPs) _3 Most 
conventional WNTPs are inefEctive at removing PF~3·4 

and, thus, may repre33nt significant sourCES of PFAA rela:EES 
into the environrrent.5 Unlike many organic contaminants, the 
dual hydrophobic/lipophobic nature of PF~ enablES thESe 
compounds to rESide in significant quantitiES in both the 
aqueous and sludge effluent st1B31'Tl5 of WNTPs.4

•
6 
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The aqueous effluent stra:m of a WNTP is, in general, 
returned to the surrounding aquatic environrrent; however, 
growing water scarcity is driving alternative USES of trEEted 
wastewater. In particular, interESt in the U33 of rocycled or 
roclaimed water, which typically consists of municipal waste­
water (trEEted to remove pathogens, organic matter, and 
nutrients), for agricultural purpos;:s is growing and is likely to 
continue in the future? Roclaimed water ha5 been safely U93d 
for many ya3rs in the U.S. for the irrigation of nonfood crops8 

and, on a more limited scale, for food crops EEten raw (e.g., in 
the Salinas Valley, CA). Rocently, howe.ter, concerns have been 
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raised rEgarding the pre;ence of chemicals of errerging conrern 
in roclaim3CI water.9 

Although the U.S. Environrrental Protoction /lfftncy has 
published guidelinES for water reuse, no federal rEgulations 
govern water roclanation and rru:e in the U.S., and thus, 
rEgulations or guidelinES have bEen developed at the state 
le.tel.8 This nonunified approa::h has rESUlted in difuring 
standards among states that have developed reuse criteria. 
Existing water reuse rEgulations for food crop irrigation in a:dl 
state vary according to crop type and irrigation rrethod, but are 
principally dirocted at health protoction from microbial 
pathogens and do not typically include rEquirerrents addrESSing 
organic contaminants.10 

The potential risks a:;sociated with birn:x;umulation of 
organic contaminants are most easily studied in edible crops 
eaten raw since proa:ssing and cooking can add confounding 
foctors, such as chemical transformation, chemical volatilization, 
or additional contamination by cookware or pa:;kq]ing.11 

Unfortunately, although data on the occurrence of many 
contaminants in roclairred water are plentiful,12

-
14 limited data 

exist on the potential for uptake of PFAAs from roclairred 
water into edible plants. To date, human health risk 
as.c:e;srrents are generally based on plant uptake models 
primarily developed for neutral organic chemicals and are 
limited to crop-specific data.15

•
16 PFAAs exhibit surfoctant 

behavior, and thus, octanol-water partitioning coefficients tmd 
in traditional birn:x;umulation modeling are not applicable to 
this clcm of compounds; instead, PFAA chain length is a better 
proxy for hydrophobicity.17 

A few studies have demonstrated the potential for crop 
uptake of pharrra:EUticals applied via real or simulated 
waste.Nater;18

-
21 howe.ter, the behavior of the contaminants 

studied is very diferent from that of PFAAs, particularly in 
rEgard to charge. Feli:zeter et al.22 reported uptake of PFAAs in 
lettuce plants via hydroponic solution, with higher concen­
trations of the short-chain (<8 carbon chain length) PFAAs 
a::cumulating in the leaves. Howe.ter, fundarrental difurena:s 
between hydroponic and solid rredia experirrents as \t\1811 as 
difurena:s in water quality betwren nutrient solutions and 
octual roclairred water pre.tent diroct applicability of thEre data 
to crops irrigated with roclairred water and grown in soil. Blaine 
et al.23 examined lettuce uptake of PFAAs from biosolids­
arrended soils and also found preferential short-chain 
accumulation in the lettuce leaves. However, as the 
bioavailability of PFAAs for uptake may vary considerably 
depending on the uptake matrix, the:e data may have limited 
applicability to crop uptake of PFAAs via roclairred water. 

This study was conducted to exanine the uptake of PFAAs in 
lettuce (Lactu:;a sativa 'Multy') and strawberry (Fragaria 
anal"la!E3 'Albion') via roclaim3CI water under conditions 
repre:entative of current C{lricultural practice;. Experirrents 
were carried out using roclairred water augrrented with varying 
concentrations of PFAAs. The intent of this rES33rch was to 
elucidate PFAA a::cumulation potential in respo1193 to varying 
concentrations of PFAAs in roclairred irrigation water. Lettuce 
and strawberry crops \t\18re ch093n to repre:ent typical food 
crops grown in the U.S. using roclairred water. In addition, 
lettuce grown in soils with varying organic carbon (OC) 
content was used to 8S.':I3ffi the impa:;t of OC sorption on PFAA 
bioa::cumulation given the propensity of PFAAs to sorb to 
OC.17 
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Chemicals. All calibration standards and stable isotor:x:s 
were acquired from Wellington Laboratories (Guelph, ON, 
Canada) and prepared using established protocols.23 Sf:Eific 
PFAAs used in this study include perfluorobutanoate (PFBA), 
perfluoropentanoate (PFPeA), perfluorohexanoate (PFHxA), 
perfluoroheptanoate (PFHpA), perfluorooctanoate (PFOA), 
perfluorononanoate (PFNA), perfluorobutanesulfonate 
(PFBS), perfluorohexanesulfonate (PFHxS), and perfluorooc­
tanesulfonate (PFOS); PFAAs and corrESponding surrogate 
standards are listed in Table 81. Spiking solutions for dosing 
experirrents were prepared from individual standards pur­
chased from Sigrm-Aidrich (St. Louis, MO). High purity 
Chromasolv dichlororrethane, HPLC-grade rrethanol, and all 
other reC{Ient grade solvents \t\18re acquired through Sigrm­
Aidrich. water for extractions was obtained from a Milli-Q 
system (Millipore, Billerica, MA), whereas HPLC-grade water 
was utilized for liquid chromatography tandem mcmspectrorn­
etry (LC-MS/MS) analysis. Extraction cleanup was focilitated 
with Chromabond diamino from Macherey-NC{Iel Inc. 
(Bethlehem, PA) and Supelclean ENVI-Garb from Sigrm­
Aidrich. 

Greenhouse Study. Plant uptake experirrents \t\18re 
conducted in a climate controlled greenholl33 with two food 
crops, leaf lettuce (L. sativa 'Multy') and strawberry (F. 
anal"la!E3 'Albion'). ThEre s:llocted cultivars are similar to 
cultivars currently grown in the western U.S. using roclaim3CI 
water. Five replicate plants \t\18re grown for a:dl s:lt of 
experirrental conditions. Pots (15 em diarreter) were randomly 
arranged to account for any spatial variations in light and 
temperature within the grrenhoUS':l. Day temperatures ranged 
from 18 to 21 oc, and night temperatures ranged from 10 to 13 
°C. Full spectrum, rretal halide and high prESSUre sodium 
supplerrental lighting (Piantrrnx 1oor:J.N bulbs) was also 
supplied to ochie.te 16 h of daylight to mimic field conditions. 
Additional information regarding plant propagation and 
cultivation can be found in the Supporting Information (SI ). 

Roclairred water was supplied by the MinES Park pilot-a::ale 
Saquencing Batch/Membrane Bioreactor. This test site at the 
Colorado &:hool of MinES treats raw S3W8Q8 from a student 
apartrrent complex (a graduate housing community of ~400 
individualsi; a full dEs::ription of the site can be found 
ei93Where. 4 Although the effluent from MinES Park was not 
specifically tailored to mret the roclairred water rEgulations of 
any particular rEgion, the water repre:ented a steady and 
realistic source of roclairred water for the experirrents (SI 
Table S3). Concentration-dependent occumulation was exan­
ined by spiking the roclaim3CI water with eight levels of PFAAs 
(0.2, 0.4, 1, 2, 4, 10, 20,40 j..lg/L) in addition to using ambient 
roclairred water and tap water (control). This concentration 
rangewaschOs:ln to give a rangeofvaluesstarting with ambient 
concentrations found in the MinES Park roclairred water 
('--O.D2 j..ig/L), bracketing typical WNTP effluent concen­
trations (0.2-4 j..lg/L),5 and reaching concentrations repre­
s:lntative of contaminated groundwater (10-40 j..lg/L).25

•
26 To 

8S.':I3ffi the occuracy of the actual irrigation solutions as oppos:ld 
to the nominal concentrations, aliquots from eoch solution 
were analyzed. The lowest rocoveries were for PFNA (36%) 
and PFOS (23%), the strongest sorbing analytes, most likely as 
a rESUlt of los.c:e; onto the walls of the watering containers. The 
linearity of the aqueous concentrations remained fairly constant 
for a:dl analyte, with eoch applied concentration being 1.5-3 

dx.doi.org/10.1021/es504150hl Environ. &:i. Technol. 2014,48, 14361-14368 

ED_001556_00002701-00002 



Technology 

100000 

") 
(a) 

.!2' • 
Ol 10000 .. 
-S \ (lJ : () &. 
:::J 

;::< 1000 !! • (lJ 

-' 
.S Ill 
c 

!! 
$ 

0 100 :;:; 
~ c 
~ 

10 c 
0 

(.) 

<( 
(.) 
LL 
[J_ 

f ~ 
.!2' 
Ol 
-S 
(lJ 
() 
:::J 

;::< 
(lJ 

-' 
.S 
c 
0 

~ 
• PFBA c 

PFPeA 
(lJ 
() 

PFHxA c 
0 PFHpA (.) 

PFOA <( 
PFNA (/) 

LL 
[J_ 

100000 

(b) 
10000 

1000 

100 

10 

!! 

iji • 

• 

• PFBS 
PFHxS 
PFOS 

100 1000 10000 100000 1 00 1 000 1 0000 1 00000 

PFCA Concentration in Water (ng/L) PFSA Concentration in Water (ng/L) 

Figure 1. Concentratiors of PFCAs (a) and PFSAs (b) in lettuce IEEWES versus m:asured a::Jueous concentration of PFAAs. M6311S and standard 
errors ( n = 5) are shown. 
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tim:s the next lo\t\IESt ooncentration. Both the tap water oontrol 
and ambient roclairl13d water had tra:E detections ( <25 ng/ L) 
of PFHxA, PFOA, and PFOS. Mffi3Ured ooncentrations of 
PF~ (SI Table S2) were used in all calculations. Plants 
received PF~ via hand watering three tim:s a WEek, 100 ml 
of solution per lettuce plant and 200 ml of solution per 
strawberry plant. Additional information on the roclairl13d water 
quality is found in Sl Table S3. 

Becat.re soil organic matter can significantly impa:;t the 
bioavailability of PF~?7 a prepared sandy soil mix (3:1 sand/ 
topsoil by 11lESS) with only 0.4% OC WC£ used to reprESent a 
"worst-case" s:mario in terms of bioavailability. Plant ffi:ffitial 
nutrients were supplied by mixing a single application of slow 
rela:se Osmooote (nitrogen-phosphorus-potffisium: 19-6-
12) into the rl13dia (~5 g/plant). To more specifically test the 
impa:;ts of OC on PFAA uptake, lettuce WC£ grown in two 
additional soils with varying OC oontent (2%, 6%) at a single 
PFAA ooncentration (10 !Jg/L). Details on the soils utiliZEd are 
provided in the Sl. 

Edible portions of lettuce and stra.tvberry plants were 
harvested at maturity. In addition, after suffcient stra.tvberry 
fruit bi011lfSS WC£ harvested, whole stra.tvberry plants were 
oollected and separated into root and shoot portions. All plant 
material WC£ frozen ( -20 oc) in PFAA-frre plastic b:y; prior to 
analysis. Additional details ooncerning soil and produce 
sampling are found in the Sl. 

Sample Extraction and Data Analysis. HomogeniZEd 
plant samplES (0.5-2 g) were prepared and extracted using the 
protocol from Blaine et al.23 Lettuce shoots from all 
experimental replicate pots (n = 3-5) were extracted 
independently, and ooncentrations were averaged. Ripe 
strawberry fruit from the replicate plants at EB:il aqueous 
applied ooncentration were oomposited to cdlie.te adequate 
biorTlfSS for extraction, rESUlting in oomposited average; of 
analytical triplicate m:asurements. Stra.tvberry shoot and root 
experimental replicatES for three aqueous ooncentrations (0.4, 
4, 40 !Jg/L) were extracted separately to enable an estimation 
of interpot variability (since field replicatES of fruit were 
oomposited); ooncentrations in replicate plants (n = 3-5) were 
averaged to obtain sample valuES. All rESUlts for plant 
ooncentrations are prESented in terms of a dry weight bcsis. 
Aqueous sample analys:s were oompleted per EStablished 
methods.28 
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83mpiES were analyZEd with isotope dilution using LC-MS/ 
MS under oonditions outlined in previous work.23 Briefly, 
chromatography WC£ perforrl13d using a Shirra::lzu LC-20AD 
unit (Kyoto, J3pan) by injecting samplES onto a Gemini C18 
oolumn with a3-1Jm particlesize (Alenomenex, Torrance, CA). 
In addition, two transitions for EB:il PFAA were otrerved using 
an ABSCIEX 3200 (ABSCIEX, Ontario) with negative 
electrospray ionization operating in scheduled multiple ra:£tion 
mode. Quantitation of LC-MS/MS data WC£ a:romplished 
using Analyst software. 

Quality Assurance and Control. All of the strawberry 
fruit, as well as approximately 20'/o of all other samplES, were 
extracted and analyZEd in triplicate. The relative standard 
deviation for all analytical replicatES averaged <25%. One 
laboratory blank with surrogate standard and one double blank 
without surrogate standard were prepared for EB:il batch of 
samplES. Limits of quantitation (LOQ) for plant material 
ranged from 0.07 to 29 ng/g; LOQs were determined by the 
lo\t\IESt calibration standard calculated to be within 30'/o of its 
octual value and were analyte-, matrix-, and run-dependent. 
LOQs were also required to be at IEffit twire as high as the 
highESt ooncentration in the oorrESponding blanks and have 
signal-to-noire ratios >30. If a minimum of three pot replicatES 
were above the LOQ, an ~ value WC£ calculated for that 
trEEtment; otherwire, the value WC£ reported as <LOQ. To 
ocoount for any IOS93S during the extraction prOCESS, an internal 
surrogate standard WC£ employed for EB:il analyte. In line with 
previous work analyzing PF~ in plant tissuES,29 surrogate 
recovery for the samplES averaged 43% for root tissues, 33% for 
shoot tissuES, and 45% for fruit tissues ocross all analytES. 
Statistical analysis including all calculations of rEgrESSion 
equations WC£ oompleted using OriginPro 9.0. 

Bioaccumulation Metrics. Bioaccumulation factors 
(BAFs) for lettuce leaves (at the 10 !Jg/L applied 
ooncentration) and, more specifically, fruit-to-soil ooncentra­
tion foctofi'9 (FCFs) for strawberry fruit (at the 0.4, 10, and 40 
!Jg/L applied ooncentrations) were calculated for EB:il PFAA 
that had ooncentrations in the plant tissues above the LOQ. To 
enable oomparisons to previous studiES examining PFAA 
biooccumulation from soils, the aqueous ooncentration (Cw) 
WC£ first oonverted to an estimated soil ooncentration (Cs) 
using the rESpeCtive solid-water partitioning coeffeient (Kd) 
for EB:il soil and analyte (eq 1 ). 
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~ng~ ~ng~ ~ L-
cs------,_ = Cw - X Kd---
~kg~ ~ L ~ ~kg_ (1) 

Although it remains unclffir as to whether Equilibrium 
oonditions were pre;ent, rra:EUred single point~ vah . .e; were 
U93d in the at:sence of SJil pore water ooncentrations; 
moreover, pre.tiously rra:EUred isotherms for PF~ were 
fairly linoor (Freundlich n valUES ~ 0.9-1) providing validity 
for thisEStirmtion method.17 More inforrmtion oonrerning the 
determination of Kd values can be found in the Sl. 
Conrentration foctors were then calculated as in previous 
work23

•
29 by dividing the oonrentration of chemical in the 

respective plant tissue on a dry weight basis by the 
oonrentration of chemical in the SJil. In addition, interoorn­
partmental oonrentration foctors (fruit to shoot and shoot to 
root) were calculated as in previous wor~ for stra.tvoorry 
plants grown at the 0.4, 4, and 40 !JQ/L applied ooncentrations. 

1111111111111111. 

Concentration-Dependency Trends. All PF~ rra:& 

ured in lettuce IEEVES showed predominately linoor ooncen­
tration-rESpofl93 relationsh~ (Figure 1 ), St.JQJESting pa;sive 
transport through the plant. The slope; of _the non log li~r 
rEgrESSions for a:dl analyte (SI Figure 81) 1mply preferential 
uptake by the short-chain PFAAs. In general, PFCAs 
a:;cumulated in much grffiter quantitiES than the perfluorcsul­
fonatES (PfS.6.s) with oonrentrations in letture IEEVES receiving 
the highESt application of PF~ ra:dling 25 !Jg/g for PFBA 
Conversely, PFCA accumulation was <LOQ in the lettuce 
trffited with oontrol tap water and ambient reclaimed water (SI 
TableS3). 

Short-chain PFCA a::cumulation in stra.tvberry fruit was aiSJ 
linoor with incrEffiing aqueous oonrentrations. Conrentrations 
in fruit roceiving the highESt application of PF~ were >10 
j..ig/g for PFBA and PFPeA (SI Table 87). PFHxA 
a:;cumulation in stra.tvberry fruit was not rrmsured above the 
LOQ exrept for the four highESt aqueous dOSES. PFHpA, 
PFOA and PFNA oonrentrations were all <LOQ. Linoor 
oonrentration-rESpofl93 relationships, similar to them ob­
sarved in letture, are shown in Figure 2, and the nonlog linoor 
rEgrESSions are displayed in Sl Figure 82. Of the PfS.6.s, only 
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Figure 2. Concentrations of PFCAs in straJVberry fruit versus 
11"mSUred aqueou; concentration of PFAAs. MEErS of compos1ted 
berries are shown with analytical standard deviation (n = 3). 
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PFBS oonrentrations were above LOQ, and accumulation in 
thestra.tvberry fruit was minirml (<56 ng/g) oompared with the 
PFCAs (SI Table ST). The lack of PFS<\ accumulation in the 
fruit oompartment is oonsistent with previous findings in 
tormto and pea fruit.29 The ol:served bias q:Jainst accumulation 
of long-chain PF~ in the fruit oompartment may suggESt that 
other specific transport mechanisms exist for long-chain PF~. 
Wen et al.31 studied uptake of PFOA and PFOS by rmize and 
found indications of potential active transport for PFOA partial 
aquaporin (water channel) transport for PFOS, and limited 
carrier-mediated transport through difurent anion channels for 
both analytES. Although strawrerry plants are very diferent 
from rmize, similar mechanism:; may oontribute to the lack of 
a:;cumulation of long-chain PF~ in stra.tvberry fruit. 

Chain Length Trends. As e.tidenced in FigurES 1 and ~· 
ooncentrations in both lettuce IEEVES and stra.tvberry frUit 
docra:m::l as PFAA chain length incra:sed. To further illustrate 
this trend, PFAA ooncentrations for a single aqueous applied 
ooncentration (10 !Jg/L) in both lettuce and stra.tvberry are 
provided in Figure 3. In lettuce IEEVES, PFAA oonrentrations 
spanned more than an order of !TlC{!nitude from PFBA to 
PFNA, a gain of 5 carbons, and aiSJ more than an order of 
rn:{!nitude from PFBS to PFOS, a gain of 4 carbons. In 
strawrerry fruit, PFAA ooncentrations spanned more than an 
order of !TlC{!nitude from PFBA to PFHxA, a gain of only 2 
carbons further e.tidencing the disparity of a::cumulation 
potenti~l between short- and long-chain PFCAs. This 
preferential accumulation of short chain carboxylatES in plants 
is oonsistent with previous findings.29 

Strawberry Plant Compartments. Nonedible portions of 
strawrerry plants were analyzed to a:;.<;Effi interpot variability 
(22%) and help elucidate bioaccumulation trends within the 
plant. At the highESt aqueousooncentration applied (40 !Jg/L), 
strawrerry root oonrentrations were grffitESt for PFHxA (5450 
ng/g; Sl Table S8), stra.tvberry shoot oonrentrations were 
grffitESt for PFBA (3900 ng/g; Sl Table S8), and strawrerry 
fruit oonrentrations were grffitESt for PFPeA (11,500 ng/g; Sl 
Table ST). Moreover, the ooncentrations of both PFBA and 
PFPeA in the fruit were more than twire that of any analyte 
that accumulated in the root or shoot oompartments. The 
distribution of PF~ in a:dl plant oompartment (root, shoot, 
and fruit) for a repre:entative aqueous oonrentration ( 4 _!Jg/ L) 
is shown in Figure 4. Of the three oompartments 1n the 
strawrerry plant, the root oompartment had the grffitESt 
a:;cumulation of PF~ (2840 ng/g), and the distribution of 
PF~ in the root oompartment was fairly e.tenly spread, 
oonfirming the lack of saloctivity of analytES in the root 
oompartment dEScriOOd by Blaine et al.29 The shoot oompart­
ment had the lOWESt total a::cumulation of PF~ (705 ng/g) 
of the three oompartments, and the accumulation was 
dominated by the short-chain analytES, PFBA PFBS, and 
PFPeA. The fruit oompartment had alrT"lffit as much total 
a:;cumulation (2520 ng/g) as the root oompartment; hOWe.ter, 
the distribution of PF~ was highly skewed toward the short­
chain PFCAs and no PfS.6.s were pre:ent in the fruit. 8ECau93 
plants were grown with limited irrigation (i.e., not hydroponi­
cally) to repre;ent field oonditions, a high percentq:)e of the 
water taken up was rna;t likely U93d for fruit development;32

•
33 

the relatively low amount of water transpired versus the water 
used for fruit development oould explain the higher 
a::cumulation of PF~ in the fruit versus the shoot. 

The rre;s distribution between plant oompartments for a:dl 
analyte can be EStimated by multiplying typical dry weights for 
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a:rn oompartrrent (1.3 g for root, 4 g for shoot, 3 g for fruit) 
by the ooncentration of a:rn analyte in the respoctive 
oompartment. The dominant froctions (>65%) of PFBA and 
PFPeA rESided in the fruit oompartment, whera:s the dominant 
froctions (>70'/o) of the long-chain PFAAs a::cumulata::l in the 
root oompartrrent (SI Figure 83). Similar trends ooncerning 
rre;s distribution within plant oompartments were ol:rerved for 
both lower (0.4 !Jg/L) and higher (40 !Jg/L) aqueous 
ooncentrations. 

FCF valUES (oonverta::l to asoill:mis for the 10 1-19/L appliEd 
aqueous ooncentration) for strawberry rangEd from the 200s 
for PFBAand PFPeA to 35 for PFHxA (SI TableS9). Although 
the data are limitEd, when plottEd versus carbon chain length, 
the overall ave~C{!e docra:re of FCF per CF2 group wcs --D.3 
log units (Figure 5). ThESe rESUlts are similar to the finding; of 
Blaine et al.29 for tomato and pEE fruit, cs shown along;ide the 
strawberry fruit data in Figure 5. The difurena:s in FCF valUES 
for strawberry cs oompared to tomato and pEE oould be due to 
difurena:s in plant morphology or to the delivery of PFAAs via 
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irrigation water versus biosolids. At the highESt aqueous 
ooncentration (40 !Jg/L), the FCF versus chain length trend 
is also --D.3 log units, indicating oonsistency in axumulation 
trends at varying ooncentrations (SI Figure S4 ). lnteroompart­
rrental foctors for strawberry plottEd versus PFAA chain length 
(SI Figure 85) showEd a docra:re of 0.2 log units from fruit to 
shoot per CF2 group and 0.3 log units from shoot to root per 
CF2 group. ThESe foctors also oorrESpOnd well to the 
interoompartmental foctors calculatEd for tomato and pEE fruits 
from pre.tious wor~ (SI Figure 85). 

Lettuce-Soil Organic carbon Study. To a5SESS the 
impact of soil sorption on plant uptake of PFAAs, lettuce wcs 
grown in soils with difuring OC oontents and oompared with 
the lettuce grown in the sand-soil mix. Lettuce grown in the 
two additional soil trEEtments (2%and 6% OC oontent) at the 
10 !Jg/L appliEd ooncentration axumulata::l similar (in general 
within a foctor of 3) PFAA ooncentrations to that grown in the 
sand-soil mix (SI Table 810). PFBA and PFPeA ooncen­
trations were highESt for lettuce grown in all three soils. 
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Figure 5. Correlations for PFCAs betv\ool log fruit-S)il concen­
tration fa::tors and carbon chain length in stra!Vberry, torrato, and pa3. 
Stra!Vberry value; from this study \1\ae from the 10 ).Jg/L applied 
a::Jueous concentration; torrato and pa3 values V~.ere from a previous 
study.29 MESns and standard errors are shown (n = 3 to 5). LinESr 
regressions with slop:s, intercepls, and a:s:Jeiated error values are 
shown. 

Conrentrations ranged from approximately 15 !Jg/ g of PFBA to 
47 ng/g of PFNA in the 2% OC roil and from almost 51Jg/g of 
PFBA to 21 ng/g of PFNA in the 6% OC roil (81 Table 810). 

Lettuce BAFs for all three roil trEEtments at the 10 !Jg/L 
applied conrentration varied widely, spanning more than 2 
orders of rT'lq!nitude within m:;h trEEtment. The lettuce grown 
in the 6% OC roil had the smallESt BAF valUES for all PFAAs, 
prESUmably because of the rorption in the mEdia (81 Table 
811 ). All BAFs, with the exreption of PFNA and PFOS in the 
6% OC roil, were >1, indicating the a::cumulation of PFAAs in 
the lettuce. PFNA and PFOS have the highESt ~ vall..ffi of the 
PFAAs in this study (81 Table S4 ), ro it follows well that they 
would exhibit minimal bioavailability in the highESt OC content 
roil. 

A lillEEr relationship ootwren log BAF valUES and carbon 
chain length is shown in Figure 6 for lettuce grown in a:£h roil 
trEEtment. For a:£h incrEaSe in carbon chain length, the BAF 
decra:red ~.4-0.7 log units. In a::ldition, lettuce grown in two 
difurent PFAA contaminated biOS)IicJs..arrendEd roils (2.2% 
and 6.3% OC) from a pre.tious studj3 are plottEd along:;ide 
the valUES from the pre:ent study for comparison. The slope; of 
alllinESareromewhatsimilar ( -0.31 to -0.70), with the slope; 
of biOS)Iids-grown lettuce ooing slightly flatter than the lettuce 
grown with aqueous-applied PFAAs. This difurenre could 
indicate that the mobility of the PFAAs supplied by a::JUOOUS 

application allows immEdiate plant uptake prior to significant 
rorption in the roil. Figure 6 cmum:s that the irrigation 
rolution is reprESentative of pore water and that the water-roil 
system had rm:;hEd equilibrium prior to plant uptake. In rEEiity, 
however, equilibrium may not have bEen rEEChEd, thus 
incra:sing the bioavailability of the PFAAs appliEd in the 
roclairred water. The letture slope; from the prESent study 
repre:ented in Figure 6 may therefore oo artificially stoop 
compared with equilibrium conditions; ho\t\leVer, they may oo 
more reprESentative of actual field conditions. REgardlESS, 
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Figure 6. Correlations for PFCAs betv\ool log BAFsand carbon chain 
lergth in lettuce. Log BAFs from lettuce grown in S)ils with varying 
OC content (0.4%, 2lfo, 6%) at the 10 ).Jg/L applied concentration are 
shown alongside values from lettuce grown in biQS)Iic:Js..cmended S)ils 
ina previousstudy.23 MEEnsandstandard errors are shown (n = 3-5). 
LinESr regressions with slop:s, intercepls, and a:s:Jeiated error values 
are shown. 

grEEter bioaccumulation overall is sren in the lettuce plants 
from the pre:ent study, suggESting that the mobility and 
bioavailability of PFAAs is grEEter when delivered via irrigation 
water cs compared with biOS)Iicls-arrl::lndEd roil. 

Implications. The rESUlts of this study are novel and 
important because it is the first of its kind to examine PFAA 
a::cumulation in food crops simulating, at la:st in part, a rEEl­
world field srenario by using authentic roclairred water cs the 
delivery mEdium. Certainly, rEEl-world conditions such cs the 
dilution of the contaminant conrentrations crops are exposEd 
to cs a rESUlt of precipitation, perennial application of roclairred 
water (potentially la:ding to a higher expmJre conrentration 
due to contaminant a::cumulation in the roil), and other 
nurn::lrous water rnancgarrent foctors further complicate the 
picture for rEEl-world extrapolation. REgardlESS, the data 
prESentEd herein show clearly that PFAAs can oo taken up 
and a::cumulatEd into food crops grown in roil and irrigatEd 
with roclairred water, suggESting the potential for human 
expmJre if irrigation water contains PFAAs. At typical WNTP 
effluent conrentrations of PFAAs (0.02-4 1Jg/L),5 valUES 
reachEd up to 0.2 !Jg/g for PFOA and 3 !JQ/g for PFBA in 
lettuce and up to 2 !Jg/g for PFBA in strwberry fruit. In 
a::ldition, at higher aqueous conrentrations, more reprESentative 
of contaminated surfoce or ground waters (10-40 1Jg/L)?5 

conrentrations of PFAAs a::cumulatEd up to 1 !Jg/g for PFOA 
and 25 !Jg/g for PFBA in lettuce and up to and 11 !Jg/g for 
PFBA in strwoorry fruit. The proposEd subchronic referenre 
dcm for PFOA a:::cording to the U.S. EPA is 0.2 1Jg/kg-day;34 

for an averq:Je 70 kg a::lult, the rrnximum daily allowanre of 
PFOA would then oo 14 !Jg/day. If a person were to consurn::l 
lettuce irrigated with contaminatEd water (40 !Jg/L of PFOA, 
well above the provisional hEEith advisory level for drinking 
water of 0.4 IJg/L 35

), then prESUmably, lESS than half of a small 
ha:d of lettuce (126 g on a wet weight bcsis) would oo enough 
to ra:£h the daily rrnximum for PFOA Conrentrations of 
short-chain PFAAs in the lettuce would oo even higher; 
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Tectmology 

howe.ter, substantial toxioological data are locking for short­
chain PFAAs. Although the le.tels of PFAAs in letture and 
strawberriES irrigated with typical WNTP effluent would be 
expECted to be oonsiderably lower, ooncerns rrny ariffi if the 
WNTP rEreived significant inputs from fluorochemical-using 
industriES. 

The ooncentration-dependent rESpOnffi for all PFAAs in 
letture and for short-chain PFAAs in stra.tvberry fruit impliES 
that PFAA a:x;umulation in this range of a::JUOOUS ooncen­
trations dOES not plateau, and thus, the uptake potential for 
crops grown with highlyoontaminated water (e.g., surfa:Ewater 
or groundwater near industry) is grEEt. Long-chain PFCAs and 
PfSbs, however, do not rEEdily a:x;umulate in high quantitiES in 
strawberry fruit, rEgardleB of incrEES3d a::JUOOUS oonrentration, 
and therefore, indications are that fruit rrny not be a major 
route of exposure for long-chain PFAAs. In general, 
bioa:x;umulation ~tterns ob3:lrvee! in this study are oonsistent 
with literaturif2·2 showing greater uptake and a:x;umulation for 
PFCAs over PfSbs and for short-chain PFAAs over long-chain 
PFAAs. ThESe plant oompartment a:x;umulation trends are 
important with rESpECt to cm:ssing potential human 6<pOSUre 
through food crop oonsumption. As industry trends shift 
toward the manufocture of short-chain PFAAs, incrEES3d 
oonrentrations of shorter PFAAs in WNTP effluents can be 
expocted. 

If the current US3 of reclaimed water for food crops is to be 
sustained or incrEES3d, ooncerns about the potential oontam­
ination of food products must be fully addrESSed through 
careful s:;ientificstudy, evaluation, and oommunication with the 
public. Future rES33rch is warranted by this potential 6<pOSUre 
route to humans. More work is neEded to understand PFAA 
transport rn=:chanisms in additional crops. InVEStigations of 
crop uptake using a broader suite of PFAAs pre:ent in 
reclaimed water, including potential precursors of PFAAs, are 
also neEded to 6<pand the body of knowledge on this errerging 
topic of ooncern. 
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* Supporting Information 

Additional details are available regarding PFAA standards, 
reclaimed water quality, soil characteristics, greenhoUs:l 6<peri­
rrent details, PFAA oonrentrations in letture (shoots) and 
strawberry (fruits, shoots, and roots), linEEr regreBions for 
oonrentration-dependencystudy, mass distribution ofPFAAs in 
plant oompartments, plots of stra.tvberry interoompartmental 
foctors versus carbon chain length, and letture oonrentration 
and BAF valUES for organic carbon study. This material is 
available free of charge via the Internet at http:! /pul:s.a:s.org. 
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